The mechanism (or mechanisms) of enthalpy-entropy (H/S) compensation in protein-ligand binding remains controversial, and there are still no predictive models (theoretical or experimental) in which hypotheses of ligand binding can be readily tested. Here we describe a particularly well-defined system of protein and ligands-human carbonic anhydrase (HCA) and a series of benzothiazole sulfonamide ligands with different patterns of fluorination-that we use to define enthalpy/entropy (H/S) compensation in this system thermodynamically and structurally. The binding affinities of these ligands (with the exception of one ligand, in which the deviation is understood) to HCA are, despite differences in fluorination pattern, indistinguishable; they nonetheless reflect significant and compensating changes in enthalpy and entropy of binding. Analysis reveals that differences in the structure and thermodynamic properties of water surrounding the bound ligands are an important contributor to the observed H/S compensation. These results support the hypothesis that the molecules of water filling the active site of a protein, and surrounding the ligand, are as important as the contact interactions between the protein and the ligand for biomolecular recognition, and determining the thermodynamics of binding.
Introduction
The hydrophobic effect-the tendency of nonpolar molecules or parts of molecules to aggregate in aqueous media-is central to biomolecular recognition. It now seems that there is no single "hydrophobic effect" [1] [2] [3] [4] that adequately describes the partitioning of a small apolar ligand between both i) an aqueous phase and a non-polar organic phase (e.g., buffer and octanol),
and ii) bulk aqueous buffer and the active site of a protein (i.e., biomolecular recognition). While the molecular-level mechanisms of hydrophobic effects in biomolecular recognition remain a subject of substantial controversy, it is clear that the water molecules surrounding the apolar ligand and filling the active site of the protein are an important part of these mechanisms. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Clarifying the role of water in the hydrophobic effect in protein-ligand binding would be an important contribution to understanding the fundamental, mechanistic basis of molecular recognition. Resolving this mechanism would, however, still leave a (presumably) related phenomena unresolved: so-called, enthalpy-entropy compensation (H/S compensation).
H/S compensation is often encountered in the putative design of tight-binding, lowmolecular-weight ligands for a protein. 11, 12 Changes in the structure of the ligand often lead to opposite and compensating changes in the enthalpy and entropy of binding, but result in surprisingly small changes in the free energy of binding. The molecular-level mechanism of H/S compensation in protein-ligand binding -and even its existence as a phenomenon 12 -remains a subject of substantial controversy-even at a conceptual level-despite qualitative rationalizations based upon: i) an unfavorable entropy of binding caused by conformational restrictions of the ligand upon binding; [13] [14] [15] ii) small conformational changes throughout the protein upon ligand binding; 16, 17 iii) reorganization of solvent molecules within the active site of a protein after ligand binding. [18] [19] [20] We have measured changes in the thermodynamics of binding of a series of heteroarylsulfonamide ligands to HCA with isothermal titration calorimetry (ITC) in which a benzo-, fluorobenzo-, or tetrahydrobenzo-group was added to one edge of the ligand ( Figure   1A ). than ~10%), and compared the average value of (n = 7 runs) each ligand with a Student's t-test with a 95% confidence interval.
In this paper we wished to determine if selectively replacing the hydrogen atoms of the benzothiazole moiety with fluorine atoms would change the network of waters in the active site of HCA, and result in an H/S compensation similar to that observed between H 4 BTA and provide information about some of the so-called "fixed" water molecules, but these techniques cannot capture the location of the majority of the waters in the active site (before or after the ligand binds). 3, 26, 27 In addition, a water molecule that diffracts simply implies that it is spatially immobilized but does not provide information about the energetics of the water.
To understand the thermodynamics of the network of waters in the active site of each HCAligand complex better we performed WaterMap calculations (see Figure 4) , 9, 28, 29 These effects result from subtle disruptions in the network of waters in the solvent-exposed region of the binding site, as seen in Figure 5 (the 4-F 1 BTA results look highly similar to 4,6- 
Conclusions and interpretations
The results obtained from the thermodynamic analysis, X-ray crystal structures, and 
